Developing improved tuberculosis (TB) diagnostics is one of the international research priorities, as TB remains globally a major health threat. Loop-mediated isothermal amplification (LAMP) is a new nucleic acid detection method that can be used in low-resource settings, because it does not require expensive or complex instruments. Using the repetitive insertion sequence IS6110 as a target gene, we developed an efficient LAMP assay, which specifically detects members of the Mycobacterium tuberculosis complex (MTBC). This assay proved 20 times more sensitive than IS6110-based conventional PCR. Moreover, its sensitivity was, respectively, 50 and 20 times higher than the one obtained with the two previously described LAMP assays for M. tuberculosis, based on gyrB and rrs, respectively. Identical sensitivities were obtained for LAMP and nested PCR, but the LAMP assay was more rapid and cost-effective than the latter. Although, our LAMP assay can successfully be performed using a non-denatured template, this results in a 200-fold reduction in the sensitivity of the assay. Moreover, by performing our LAMP assay on 15 clinical sputum samples from TB patients we were able to detect MTB. Taken together, our preliminary results indicate that IS6110-based MTBC-LAMP assay is a promising new TB-diagnostic test, with high sensitivity and that could easily be applied for the diagnosis of TB in a low-resource setting.
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Introduction
A recent discovery shows that the earliest evidence of human tuberculosis (TB) dates back to about 500,000 years ago (Kappelman et al. 2008) . Despite being such an ancient human pathogen, Mycobacterium tuberculosis (MTB), the cause of human TB, remains the second leading cause of death due to a single infectious agent today (Lopez et al. 2006) .
Rapid and efficient diagnosis of infectious pulmonary TB is one of the crucial issues in the global fight to control this disease (Keeler et al. 2006) .
Due to its simplicity and low cost, smear microscopy remains the routine diagnostic test for TB in developing countries (WHO 2008) . However, this technique has a low sensitivity and often needs more than a single visit of a patient to be completed. Mycobacterial culture is about 100 times more sensitive than smear microscopy for the detection of MTB (Brodie and Schluger 2005) , and because of its high specificity as well, continues to be the gold standard test. However, mycobacterial culture is a time-consuming and technically demanding method, which is restricted to reference centers. In other hand, lack of radiological appearances specific to TB makes chest radiography a relatively subjective and error-prone practice for the diagnosis of pulmonary TB (Koppaka and Bock 2004) . Therefore, the conventional methods currently used for the diagnosis of TB are rather unreliable, time-consuming and technically demanding and novel methods are needed.
PCR-based assays are among the most promising and attractive new methods compared to the routine methods. However, expensive laboratory infrastructure and sophisticated technical skill needed to conduct these tests make them inaccessible in developing countries where the majority of TB cases occur.
Recently, a novel technique for the amplification of nucleic acid has been described, named LAMP for loop-mediated isothermal amplification (Notomi et al. 2000) . LAMP has several advantages as compared to the conventional PCR-based methods. First, LAMP reactions are performed at a fixed temperature (60-65 1C) . This enables to save time and is more convenient as no purchase of expensive instruments is needed. Second, LAMP is a highly specific reaction since it uses six different primers recognizing eight distinct regions on the target sequence. Third, LAMP assay results in a highly efficient synthesis of amplified products, which is at least 50 times higher than the one obtained by classical PCR reactions in identical volumes (Tomita et al. 2008) . Fourth, simultaneously to the amplification reaction, high amounts of insoluble salt of magnesium pyrophosphate are produced as a by-product. This enables the visual detection of positive reactions, simply by observing the resulting white turbidity by the naked eye (Mori et al. 2001) . Therefore no costly instruments are required for the time-consuming post-amplification detection step.
LAMP-based assays targeting gyrB (Iwamoto et al. 2003; Boehme et al. 2007 ) and rrs (Pandey et al. 2008) have recently been described for the detection of MTB.
Here we describe a novel and sensitive LAMPbased assay for the detection of MTB, based on the amplification of the Insertion Sequence 6110 (IS6110). IS6110 is specific for the members of M. tuberculosis complex (MTBC) (Thierry et al. 1990 ), comprising M. tuberculosis, M. bovis (including M. bovis BCG), M. africanum, M. microti, M. canettii, M. caprae, and M. pinnipedii (Godreuil et al. 2007) , which are obligate pathogens with more than 99% genetic homology (Sreevatsan et al. 1997) , and their discrimination is of minor concern in clinical and therapeutic terms. Moreover, most members of MTBC, including M. tuberculosis, contain multiple copies of IS6110, therefore use of this target should result in enhanced sensitivity. To our knowledge, this is the first report on a LAMP assay for detection of MTBC in which IS6110 is used as a target sequence.
Materials and methods

LAMP primers
To develop a successful LAMP assay, primer design is the most crucial step. Initially, by sequence alignment using the Basic Local Alignment Search Tool (BLASTn) algorithm of the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/ blast/Blast.cgi), we determined base variations (mutations) in the nucleotide sequence of IS6110 (GenBank accession no. X17348) among different species and strains belonging to the M. tuberculosis complex (asterisks in Figure 1B) . Then, using the online PrimerExplorer V4 software (Eiken Chemical Co. Ltd., Tokyo, Japan-http://primerexplorer.jp/ elamp4.0.0/index.html) IS6110-specific LAMP primers were designed according to the general criteria described by Notomi et al. (2000) ( Table 2 and Figure 1 ). The backward loop primer (BLP) was designed manually.
MTBC-LAMP reaction
Our in-house LAMP assay was optimized in a total volume of 25 ml, containing 20 mM Tris-HCl (pH 8. polymerase (New England Biolabs) and 100 fg template DNA from M. tuberculosis H37Rv. After initial heat-denaturation of the target DNA at 96 1C for 3 min, the reaction was carried out at the optimal temperature of 65 1C for 90 min, and terminated by heat inactivation of the enzyme at 90 1C for 2 min.
Determination of analytical specificity for MTBC-LAMP assay
To confirm the specificity of the newly designed primers, they were initially searched against all published sequences to find possible cross-reactivity with heterologous bacteria not targeted for detection, using the BLASTn software program. In addition, the primers specificity was examined by performing the LAMP assay on at least 100 ng of genomic DNA isolated from 35 mycobacterial reference strains and 10 non-mycobacterial species (Table 1) , as described by van Soolingen et al. (2001) .
Determination of analytical sensitivity for MTBC-LAMP assay
First, the concentration of a solution containing genomic DNA of M. tuberculosis H37Rv was measured three times, using an Eppendorf BioPhotometer plus (Eppendorf AG, Hamburg, Germany), and the average value was considered as the real concentration. Afterward, it was diluted with 10 mM Tris-HCl (pH 8.8) to prepare a DNA solution at a final concentration of 100 ng/ml confirmed by measurement at 260 nm wavelength. This DNA solution was used to make 10-fold serial dilutions of the target DNA in 10 mM Tris-HCl (pH 8.8), ranging in concentration from 100 ng/ml (2 Â 10 7 copies/ml) to 100 ag/ml (2 Â 10 À2 copy/ml). An extra 2-fold dilution of 10 fg/ml DNA, i.e. 5 fg/ml (1 copy/ml), was also included. The genome copy number of each dilution was calculated based on the fact that 5 fg of DNA is equivalent to a single genome of MTB. One microliter of each dilution was used as the template DNA for each LAMP reaction. Experiments were performed three times to examine the reproducibility of the assay. Additionally, effect of reaction durations on the sensitivity of the MTBC-LAMP assay was evaluated by using duration of reaction ranging from 15 to 120 min.
Since previous reports showed that LAMP reaction works successfully without an initial step of heat-denaturation of template DNA , the sensitivity of the MTBC-LAMP assay was determined once more, using denatured and non-denatured templates in parallel.
MTBC-PCR and -nested PCR
To compare the results obtained by the LAMP assay, conventional PCR and nested PCR targeting IS6110 for the detection of MTBC were also performed, as described respectively by Eisenach et al. (1990) and Wilson et al. (1993) , with slight modifications (Table 2) .
MTBC-LAMP assay on clinical sputum samples
The optimized MTBC-LAMP assay was performed on clinical specimens to evaluate the feasibility of the test. For this purpose, 15 sputum specimens from TB patients confirmed by smear microscopy for the presence of acid-fast bacilli and by culture for the growth of MTB were used. These specimens were obtained from patients referred to the Health and Care Center of Ahvaz University (Western division), Ahvaz, Iran. Using boiling method as described by Afghani and Stutman (1996) , DNA was extracted from clinical samples and 10 ml of each was used in the LAMP reaction under the optimal conditions. To control the possible cross-contaminations, one negative control was included for each three clinical sample reactions. Results were compared with those obtained by MTBC-PCR and MTBC-nested PCR.
Results
Detection and confirmation of LAMP products
All the positive reactions -compared to the negative controls -exhibited the white turbidity, which is linked to the production of insoluble salt of magnesium pyrophosphate (Figure 3A) , the color change from orange to green on the addition of SYBR Green I to each reaction ( Figure 3B) , and the typical ladder-like pattern of the amplified products after agarose gel electrophoresis ( Figure 3C ). The size of the LAMP reaction products ranged from 169 bp (the minimal dumbbell-like structure) up to the loading well (the more elongated structures) on the agarose gel, indicating specific amplification of the target sequence. The results obtained here for the detection of the LAMP products by these three different means were matching ( Figure 3A , B, and C). Indeed, no reactions were obtained without a white turbidity but giving a positive SYBR Green I color change with or without a positive result by electrophoresis or vice versa. Moreover, the enzymatic digestion of the LAMP products with the restriction enzyme MlsI gave the expected 130 and 81 bp fragments, as observed by agarose gel electrophoresis (Figure 2 ). This confirmed the accuracy of the MTBC-LAMP reaction.
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Analytical specificity of MTBC-LAMP assay
Among the mycobacteria tested by the LAMP primers in this study, four were members of the MTBC and 31 were unrelated to MTBC. As shown in Table 1 , the analytical specificity of this IS6110-LAMP assay was of 100% as positive reactions were obtained only with the chromosomal DNA samples isolated from mycobacteria belonging to the M. tuberculosis complex.
Analytical sensitivity of MTBC-LAMP assay
As shown in Figures 3A, B , and C, with this IS6110-LAMP assay we were able to reproducibly detect as little as 5 fg of purified DNA per reaction. This is equivalent to one copy of the MTB genome. This high sensitivity of the IS6110-LAMP assay was dependent on the duration of the amplification reaction. Indeed, to further optimize the IS6110-LAMP assay, different reaction times were tested on a range of template DNA amounts (2 Â 10 7 to 2 Â 10 À1 copies of purified DNA per reaction). The results showed that a reaction time of 75 min was sufficient to amplify one copy of genomic DNA. However, an optimum time of reaction of 90 min was selected for the following experiments, to be assured of its success. Indeed, our results indicated that the detection limit of the assay was affected by the reaction time so that it fell to lower amounts when the time of reaction was reduced gradually. Finally, we observed that extension of the reaction time up to 120 min could not improve the sensitivity of the test compared to 75 or 90 min (data not shown).
In our study, moreover, the detection limit of the LAMP test with non-denatured template DNA was 200 copies of purified DNA per reaction (data not shown), whereas with heat-denatured DNA the detection limit was one copy. This indicates that a heat-denaturation step leads to a 200-fold increase in the sensitivity of the IS6110-based MTBC-LAMP assay.
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Comparison of MTBC-LAMP assay with MTBC-PCR and -nested PCR
The MTBC-PCR reproducibly detected a minimum of 20 copies of purified M. tuberculosis DNA (100 fg) ( Figure 3D ). Detection limit of MTBC-nested PCR was a single copy of the MTB genome (5 fg) ( Figure 3F ). Detection limit of the first PCR in nested PCR was of 200 copies of the MTB genome per reaction (1 pg) ( Figure 3E ). In conclusion, MTBC-LAMP assay was 20 times more sensitive than conventional MTBC-PCR and as sensitive as MTBC-nested PCR. Also, LAMP assay (tubes 9 in Figure 3A and B, and lane 9 in Figure 3C ) and nested PCR (lane 9 in Figure 3F ) yielded clear-cut results with the minimum detectable copy number of DNA in striking contrast to the fading positive signal obtained in classical PCR (lane 7 in Figure 3D , and lanes 5 and 6 in Figure 3E ).
Applicability of MTBC-LAMP assay to clinical samples
All the sputum samples used in this study were positive for MTB culture, but had different smear result's scores. Five negative controls dispersed among the test samples were also tested and were found negative with the three molecular tests performed. This analysis demonstrated that the Figure 2 . Restriction enzyme analysis of the MTBC-LAMP products. One microliter of the LAMP products was digested overnight by 10 U of MlsI (Fermentas Life Sciences) at 37 1C, and the digested products were analyzed by 3% agarose gel electrophoresis followed by ethidium bromide staining. Lane M, 100 bp DNA molecular weight marker (Roche Applied Science); lanes 1 and 3, LAMP reactions performed on the DNA extracted from a clinical specimen and M. tuberculosis H37Rv, respectively; lanes 2 and 4, LAMP products of lanes 1 and 3, respectively, after digestion with MlsI in which the two expected fragments were obtained.
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LAMP assay could detect MTB in all 15 sputum specimens of the TB patients. Nested PCR also detected MTB in the 15 samples, while only 11 out of 15 sputum samples were detected as positive by PCR test. Noteworthy, the 4 sputum samples that were negative in PCR had a low sputum score. This indicates that MTBC in sputum samples with a low bacillary load is more difficult to detect by Figure 3 . Comparison of the detection limits of the MTBC-LAMP, -PCR, and -nested PCR assays. Lane M, 100 bp DNA marker (Roche Applied Science) in C and 50 bp DNA marker (Fermentas Life Sciences) in D, E, and F images; tubes and lanes 1-12, reactions contained 2 Â 10 7 , 2 Â 10 6 , 2 Â 10 5 , 2 Â 10 4 , 2 Â 10 3 , 2 Â 10 2 , 2 Â 10 1 , 2 Â 10 0 , 1 Â 10 0 , 2 Â 10 À1 , 2 Â 10 À2 and 0 copies of purified M. tuberculosis DNA/reaction, respectively. (A) Detection limit of the LAMP reaction using the naked eye detection of the white turbidity as a positive result: tubes 1-9 showed this white turbidity. (B) Detection limit of the LAMP reaction using inspection of the color change in SYBR Green I by the naked eye under visible light: tubes 1-9 showed the color change from original orange color to bright-green upon the addition of 1-3 ml of 1:10 diluted commercial 10,000 Â SYBR Green I nucleic acid gel stain (Roche Applied Science) to each reaction mixture. The color of the negative reactions (tubes 10-12) remained unchanged (orange). (C) Detection limit of the LAMP reaction using electrophoresis of 0.5-2 ml of each reaction mixture in 2% agarose gel followed by ethidium bromide staining: lanes 1-9 showed the typical ladder-shaped pattern of a positive reaction. conventional PCR, while it can be detected by nested PCR and IS6110-LAMP assay. These preliminary results indicate that the LAMP assay described here could be applied for the diagnosis of TB using sputum samples. However, a larger number of sputum samples and also other kinds of clinical specimens should be tested to validate the technique.
Discussion
The global alarming situation of TB together with the lack of diagnostic tools capable of detecting all cases successfully call for urgent efforts to develop improved diagnostic tests.
The high specificity, efficiency, rapidity, and simplicity of the LAMP method (Notomi et al. 2000) persuaded us into developing a LAMP-based assay for the detection of mycobacteria belonging to the M. tuberculosis complex, using IS6110 as a repetitive target sequence.
The sensitivity of the optimized MTBC-LAMP reaction conditions defined in this study is, respectively, 50 and 20 times higher than the one obtained with the two LAMP assays previously described for the detection of M. tuberculosis. In these LAMP-based assays, the target genes were, respectively, gyrB (Iwamoto et al. 2003; Boehme et al. 2007 ) and rrs (Pandey et al. 2008) . The higher sensitivity achieved with our IS6110-LAMP assay can probably be attributed to the fact that IS6110 is a repetitive sequence, while gyrB and rrs are single copy gene.
Besides the increased sensitivity, another major advantage of the LAMP assay described here, as compared to the PCR and the nested PCR, was in the duration of the experimental procedure. Indeed, only 1.5 h was needed to perform IS6110-LAMP assay compared to 2.5 h for the PCR assay and 5 h for the nested PCR test. Additionally, when high amount of genomic DNA (100 ng or 2 Â 10 7 copies) were used in the LAMP assay, a positive result could be obtained within 15 min (data not shown). It is therefore conceivable to further improve the LAMP assay by combining it with a real-time turbidimeter. This would enable to obtain the assay results more rapidly when samples with high bacillary load are tested.
Very recently, another LAMP-based assay for the detection of M. tuberculosis in clinical samples has been described (Lee et al. 2009 ). More precisely, this test is called RT-LAMP-ELISA-hybridization and the target for the amplification step is the 16S ribosomal RNA. The detection limit of this test was reported to be one copy of MTB 16S ribosomal RNA per reaction. This corresponds to a sensitivity comparable to the one obtained with IS6110-based MTBC-LAMP assay. Although this recently described novel assay is very sensitive, it is important to note that the authors have reported a cost of 10$/reaction and a reaction time of 5 h. The IS6110-LAMP test that we have described here has a cost of 1$/reaction and it can be performed in 1.5 h. The higher cost and longer test procedure of the RT-LAMP-ELISA test is probably linked to the final ELISA detection step, which is in addition technically more demanding. We therefore believe that the IS6110-based MTBC-LAMP test, that we have described here, will be more conveniently applicable in the field while leading to results with a comparable sensitivity. Nagamine et al. (2001) reported that initial heatdenaturation of template DNA is an unnecessary step in the LAMP assay. Our results showed however, that if the IS6110-LAMP assay is performed without this step, its sensitivity is reduced about 200-fold as compared to an IS6110-LAMP test with heat-denaturation. Similarly, Kamachi et al. (2006) reported a 100-fold decrease in the sensitivity of a LAMP assay for the detection of Bordetella pertussis when non-denatured DNA was used. Therefore, the initial denaturation of the template seems to be an essential step, at least for organisms like Mycobacteria and Bordetella both containing a GC-rich genome, to achieve the maximum sensitivity of the LAMP reaction.
A major problem that we have experienced during our experiments was the high risk of production of secondary LAMP products. This is probably caused by the extremely high efficiency of the reaction. To cope with this problem, it is therefore recommended to avoid unnecessary manipulation of the reaction tubes and to perform the preparation of the reaction master mixes and the detection of the products in totally separate areas, even in distinct buildings, by different individuals.
In conclusion, our study clearly suggests that the LAMP assay targeting IS6110 is a cheap and rapid technique for the detection of mycobacteria of the M. tuberculosis complex. We have also demonstrated that this LAMP assay has a high analytical specificity and sensitivity for the detection of the MTBC in clinical samples, although our results are still preliminary. Currently, we are performing MTBC-LAMP assay on a larger number of clinical samples, to confirm the diagnostic specificity and sensitivity of the test and to reliably apply it to the routine laboratories.
